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Use of the first operating linear induction accelerators (LIA) in the USA and the USSR
has shown that the principle on which the operation of these accelerators is based'per-
mits relativistic electron beams of hundreds or thousands of amperes to be obtained
with efficiencies of tens of percent with high reliability and reproducibility of the re-
sults. A number of laboratories are carrying on intensive development of accelerators
of this type and developing their theory, methods of calculation, and refinement of the
designs. The present review systematizes and generalizes the results of published
articles in this field. The article discusses the theory of LIA, the shape of the acceler-
ating field, and the containment of the transverse dimensions of a high-current beam.
The parameters are given for accelerators in operation and under construction and the
design of the basic elements is described.
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1. INTRODUCTION

The development of research in the field of controlled
thermonuclear fusion^13 and new methods of accelera-
t i o n ^ has led to the building in the sixties of new linear
accelerators of high-power relativistic electron
beams'-3 5-', whose principle of operation was proposed
by Bowersyt6] at the end of the nineteen thirties.

Use of these so-called linear induction accelerators
(LIA) has already permitted studies to be carried on in
the Astron program t7-1 in the USA and the well known
Dubna experiments on collective acceleration in the
USSR [ 8"1 1 ].

Operation of the first two working LIA (Figs. 1 and 2)
has shown that this very simple method of acceleration
is promising since it permits obtaining relativistic
beams of hundreds or thousands of amperes with effi-
ciencies of tens of percent with high reliability and
reproducibility. A number of laboratories are already
carrying out intensive development of LIA1-12"18·5, their
theory, method of calculation, and refinement of the de-
signs. Studies are being made of iron-free and plasma
accelerators of this type1-19"23-1.

This review systematizes and generalizes the results
of papers known to the authors in this new field of ac-
celerator technology.

2. PRINCIPLE OF OPERATION

Figure 3 shows the construction of an UA induction
system and makes clear the principle of operation of the
accelerator. On variation of the magnetic flux in the
cores, a rotational electric field (V χ Ε 4 0) is excited
in the accelerator tube in accordance with the law of

FIG. 1. Injector for the Astron installation. The beam energy is 3.7
MeV, and the current 350 A.

magnetic induction. S the system is sufficiently long, the
average electric field strength Eo on the axis can be
written in the form

£ 0 = -{NIX) S dBldt, (1)

or
£o = NUJX, (2)

where Ν is the number of cores, S is the cross section
of one core, Β is the magnetic field strength in the cores,
averaged over the cross section, Ui is the voltage ap-
plied to the primary winding, % is the length of the sys-
tem, and 3 B/at is the rate of change of the magnetic field
strength in the cores.

The requirement of a monoenergetic electron beam
leads to the necessity of maintaining a linear variation
of the induction over the working portion of the pulse
length Tp. In this case Eq. (1) takes the form

Ea = -(NIX) SABhp, (3)
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FIG. 2. The LIA-3000 accelerator. The beam energy is 3 MeV and the
current 200 A.

FIG. 3. Diagram of the induction system of an LIA. 1-ferromagnetic
core, 2—accelerator tube.

where ΔΒ is the increase in the induction during the
pulse length τρ.

It can be shown that the energy transferred to the
electron beam during the pulse is determined by the ex-
pression

Wt = Ib&BSN,

where Ii, is the beam current.

It is evident that this energy is proportional to the
change of flux in the core and does not depend on the
duration of the pulse. For complete utilization of the
core material, it is necessary before supplying the volt-
age pulse to the primary winding to transfer the core to
the negative saturation region, which is almost always
done t 4 > 5 ] . This process is usually called reverse mag-
netization. The maximum current possible for the ac-
celerated electrons in the presence of sufficient focusing
to compensate space-charge repulsive forces is deter-
mined mainly by the power of the commutating element
in the primary circuit, and at the present time the ac-
celeration of a beam with a current of tens of kiloamp-
eres appears realistic.

In principle the length of the accelerating voltage pulse
in an LIA can be arbitrary. However, the increase of the
core cross section with increasing pulse length beyond
a few microseconds in accordance with Eq. (3) leads to a
size of the induction system in which the weight of ferro-

magnetic material in the cores becomes unacceptably
large. For a pulse length less than several tens of nano-
seconds the energy loss in reversal of the core magne-
tization reaches a value at which the use of ferromag-
netic materials in the accelerator is of little effect. For
this region of pulse length, iron-free LIA can be used[ .
We can suggest that the range of pulse lengths for LIA
with ferromagnetic cores lies in the range 20—700 nsec.

In LIA, as in high-frequency linear accelerators, the
accelerating field is distributed along the entire acceler-
ator and there is no gap to which a voltage corresponding
to the total energy of the accelerated beam is applied.
This makes unnecessary a cumbersome and dangerous
compressed-gas installation and makes it possible to
increase the final energy by simply increasing the num-
ber accelerating elements. On the other hand, the LIA
preserves the advantages of transformers, allowing ac-
celeration of beams with currents of hundreds or thous-
ands of amperes with high efficiency, which cannot be
done with high-frequency linear accelerators. In addi-
tion, as follows from Eq. (2), in LIA a beam can be ob-
tained both with constant energy during the pulse and
with an energy varying according to a previously speci-
fied law by providing a suitable shape of the primary
voltage pulse.

3. THE ROTATIONAL ELECTRIC FIELD

It is well known that Maxwell's equations for a rota-
tional electric field Ε and the magnetic field Η produced
by a constant current are similar. Therefore in deter-
mination of the accelerating electric field we can use the
known solutions for the magnetic field of constant cur-
rents, replacing the current-density vector J by
3B/at. [ 2 4 '2 5 ] However, in the working range of LIA
there are always electrically conducting elements (the
primary coil, the accelerator tube electrodes, and so
forth), as a consequence of which it is necessary in an
accurate calculation of the distribution of Ε to solve
Laplace's equation with the appropriate boundary condi-
tions determined by the design of the induction sys-
tem. [ 4 ' 2 5 ]

In the LIA-3000 induction system [ 5 ] a vacuum can be
maintained without the use of an accelerator tube, and
the specially formed electrodes constitute the primary
windings. A diagram of this system and the field distri-
bution on its inner boundary are shown in Fig. 4. In this
case the solution of Laplace's equation for the field
components will have the ^26^1

FIG. 4. Drawing and boundary conditions of the induction system
for the LIA-3000.
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Et = A Jo (Air) Wt cos

£ r = Λ2/, (h2r) \B2 cos

+ C, sin (k,z)],

+ C2 sin fez)];

(4)

(5)

here Io(kir) is a modified Bessel function of the first
kind of zero order, Ii(k2r) is a modified Bessel function
of the first kind of first order, and Alj2, Bi,2, Ci,2, and
k 1 ) 2 are constants determined by the boundary condi-
tions.

The boundary conditions are a periodic function which
can be expanded in Fourier series and hence can be
written in the form

m m

Εζ,α = ψ+ 2 «ηcos (n-^z) + 2 P»sin (n^-z) , (6)
n=l n=l

Ε'·° = ΊΓ+ Σ yncos(n^z) + 2 6nSin („*?-,) . (7)
n=»l n = l

For the boundary conditions we have

Ez,a = 0 for 0 < ζ < (h - h,)/2, (8)

Et.a = Ea, for (h - hi)l2 < ζ < h/2. (9)

Determining the constants in Eq. (4) by means of
Eqs. (6)—(9), we obtain an expression for E z

(10)

where

£„ = ( — l)"4cos (n-f-η) sin (Λ-ϊ-η)

η = hjh.

It is easy to see that

x\Ea = U,/h = Eo.

Then Eq. (10) is written in the form

(11)

The quantity I0(n2?ra/h) increases rapidly with increasing
n, and therefore in a rather large region of great inter-
est we can limit ourselves to the first term of the series
and retain sufficient accuracy.

The ratio of the amplitude of the first harmonic to the
constant component is shown for illustration in Fig. 5a
for several values of a/h and hi/h. It is evident that the
ratio a/h is the principal important factor and that for a
rather uniform field it is necessary to have a/h > 1. If
we assume that the boundary function for the radial com-
ponent is odd, and in the region where curl Ε = 0 (which
occurs inside the system),

dEJdr = dErldz,

we obtain from Eqs. (5) and (7) an expression for the
radial component

(12)

The ratio of the first harmonic E r i to Eo is shown in
Fig. 5b.

The expressions given were obtained without inclu-
sion of the field distortion at the edge of the system.
Analysis of the falloff of the field near the edge of the
system ^"3 shows that at a distance from the boundary
equal to three aperture diameters (~6a), the field on the
axis is for practical purposes equal to Eo.

Analysis of a system with an accelerator tube and

FIG. 5. Ratio of first-harmonic amplitude to constant component
(%). a) Axial component; b) radial component, a/h = 2(1), 1.5 (2), 1 (3),
and 0.75 (4); h,/h= 1/4 (l'-4') and 1/8 (l"-4").

electrodes in the form of disks (Fig. 3) gives an ex-
pression for the field of form114'253

(i2a)

where aa and δη are determined by the conditions at the
boundary. As in the preceding case, the field uniformity
is determined to a significant degree by the ratio a/h,
where a is the diameter of the opening in the electrodes
and h is the distance between them.

If necessary the field uniformity can be improved by
introducing a conducting cylinder into the working reg-
ion t 2 8 ' 2 9 ] . At the time of the pulse a current

j 0 = zdEJdt + σΕα

will flow along the cylinder. Η |eaEa/at| < |σΕα|, which
is well satisfied in the range of pulse lengths character-
istic of LIA, then

)a = aEa. (13)

From Eq. (13) and the equation of charge continuity it
follows that for σ = const, E a = const. This condition is
fulfilled by the requirement η = 1 in Eq. (10), from which
it follows that the amplitude of the harmonics is equal to
zero over the entire region inside the cylinder. The
value of the electrical conductivity is chosen on the basis
of a number of conditions'-29-1, for example, for the
planned installation LIA-30/250 t l 2-1 the surface conduc-
ductivity is in the range ΙΟ"4—10"3 ohms'1. The conduct-
ing cylinder can be made from a vacuum-tight ceramic
with a conducting layer deposited on its inner surface
and replaces the sectionalized accelerator tube used in
presently operating accelerators1 1 4 '5 ].

4. ACCELERATING SYSTEM

The accelerating system of an LIA consists of the
induction system together with the system for producing
the rectangular pulse of accelerating voltage. However,
the term accelerating system is sometimes used to
mean only the induction system. This is not quite accur-
ate, since the induction system is one of the elements of
a single high-current circuit, all elements of which
affect the shape and magnitude of the accelerating volt-
age pulse, particularly in the nanosecond region. In
Fig. 6 we have shown a simplified diagram of an accel-
erating system, which has been arbitrarily divided into
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FIG. 6. Simplified diagram of accelerating system, a) Pulse system;
b) induction system; SL—shaping line, S—switch, Cs—storage capacitance,
Vr—reverse magnetization voltage, Cf— filter capacitor, Lf— filter induc-
tance, ll 2,3 -inductors, I^-beam current.

an induction system and a pulse-shaping system or, in
other words, a pulse system.

Although the induction system of an LIA is qualita-
tively a set of single-turn pulse transformers, use of the
calculation methods used in design of pulse transformers
working in the microsecond region'-30"32-' turns out to be
unsatisfactory, particularly with use of ferromagnetic
materials with a rectangular hysteresis loop^3 3 '3 4^.
This is true for the following reasons.

In the first place, pulse transformer theory considers
processes in cores made of electrical steel character-
ized by a nearly linear dependence of ΔΒ on H.'-30-' Com-
parative experiments have shown that higher efficiencies
can be obtained in LIA with use of precision magnetically
soft alloys with a narrow, nearly rectangular hysteresis
loop. In particular, the iron-nickel alloy 50NP has been
used in operating accelerators^4 '5-1. The magnetization
reversal processes for these alloys have distinctive
features £35^. For an accelerating voltage pulse length
of tens of nanoseconds, it is possible to use magnetically
soft ferrites'-23'28-'. Study of their magnetization rever-
sal characteristics has shown that ferrites of the man-
ganese-zinc group have characteristics which are close
in shape to the characteristics of alloys with a rectangu-
lar hysteresis loop.

dimensions of ohms/m; R m depends on the kind of ma-
terial. The first term in the right-hand side character-
izes the effect of eddy currents, and for ferrites it is
zero. The second term is due to hysteresis and occurs
both for ferrites and for metallic ferromagnets.

Calculations and experiments show that for metallic
cores the first term can be neglected for a tape thick-
ness less than 5 μ, and the second for a tape thickness
greater than 30—40 μ. In LIA, tape thicknesses of
10—20 μ are used, since use of tape thinner than 5 μ is
technically difficult and comparatively expensive. For
tape thicknesses greater than 20 μ the efficiency drops
and the utilization of the material is poorer ^ .

Integrating Eq. (14) with respect to time, we obtain
1 Λ([|

\lH(t)—H0]dt= \ g(B)dB. (16)

The integral on the left side is called the field im-
pulse, and for complete magnetization reversal its value
does not depend on the duration and shape of the reverse
magnetization voltage and current, since

-H0]dt= f
B

where τ is the pulse length for complete reverse magne-
tization. The field impulse for complete magnetization
reversal is called the switching coefficient and repre-
sents the quantity of electricity per unit core length
necessary for complete magnetization reversal.

After integration of Eq. (16) with inclusion of (15) we
obtain an expression for the field impulse

B(t)

In the second place, for the pulse lengths of tens and
hundreds of nanoseconds which are characteristic of
LIA, the thickness of the tape from which the cores are
prepared is chosen in the interval 10—20 μ. For this
thickness the effect of eddy currents is comparable with
the magnetic hysteresis1 1 3 5 3, which is not taken into ac- effect of hysteresis. Then,
count in pulse-transformer theory. Reversal of the mag-
netization of a core of ferromagnetic material with a
rectangular hysteresis loop with inclusion of the effects
of eddy currents and hysteresis has been studied by a
number of authors, for example refs. 35—37, and for
practical purposes is described by the equation

The slope of the magnetization reversal curves changes
sharply at Β > 0.75Bs. Therefore it is usually desirable
to reverse magnetize the core to Β > B r . If we take into
account that in the interval — B r < Β < B r the arc tan-
gent can be considered approximately linear, we find
from Eq. (17) that the field impulse is

Q (λ) « (BradVA) λ2 + (2B,IRm) arcth (Br/B,)-k,

where λ = AB(t)/2Br. For λ = 1 it follows from Eq. (17)
that

where S w e is the component of the switching coefficient
due to the action of eddy currents, and SWQ is due to the

Q (λ) = Sael* + (18)

After differentiating Eq. (18) with respect to t, taking
into account that for a rectangular voltage pulse dX/dt
= 1/T, we obtain

H(t) = g (B) dBldt; (14)

Η (t) = Ha + (Sa0/z) + (SJBr) (ΔΒ (<)/τ). (19)

here Ho is the initial field, whose value depends on the
kind of material and is several times greater than the
coercive force;

g (B) = (ad*/8Br) (B + BT) + [Hm (1 — B*B;*)]-\ (15)

where B r and B s are the residual induction and satura-
tion induction, d is the thickness of tape from which the
core is wound, σ is the electrical conductivity of the
ferromagnetic material, and ^ is a constant with

It is evident that within the accuracy of the assumptions
made the dynamic hysteresis loop is broadened as a re-
sult of the initial field and hysteresis and has a slope
due to eddy currents. In Table I we have given calcula-
ted values of S w e for the most common materials [ 3 9 ] .
In Table II we have shown also the measured values of
the total switching coefficient E35-1.

The real magnetization reversal curve differs some-
what from Eq. (19), and accurate values of the reversal
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TABLE I. Switching coefficient S w e (μθ/ΐη) for a number of alloys

Electrical con-
ductivity,
10"* mhos/m

Change in
induction, Τ

Tape thick-
ness, μ

10
20
30
50

100

Ε,ΕΑ,
EAA

10

4

50
130
500

2 000
4 500

12 500
50 000

65NP

4

2.5

10
30

130
500

1130
3120

12 500

45NP,
50NP

2.22

2.8

10
20
80

310
700

1940
7780

79NM,
79NMA

1.8

1.4

10
30

130
280
790

3150

80NKhS

1.58

1.3

10
30

100
230
640

2550

42NS

1.17

1.8

10
30

110
240
660

2630

38NS,
SONKhS

1.17

1.8

10
30

100
230
C30

2500

Carbon
yl iron

0.18

0.5

10
30

110

TABLE II. Characteristics of most used magnetically soft

Type of
alloy

50NP

34NKMP

79NM

Tape thick-
ness d, μ

5
10
20

5
10

3
5

10

Residual
induction

B r T

1.4
1.4
1.3
1.5
1.45
0.7
0.8

Coercive force
Hc, A/m

40
28
20
24
16
12

8

Stait field
H0,A/m

110-120
75 — 100

55
145
130

24
20
40

materials

Total switching
coefficient S w ,

μΟπι

110
160
330

80
145

32
48
40

FIG. 7. Equivalent circuit of
inductor.

field must be found from the experimental characteris-
t i c s t 4 0 ' 4 i : i . The nonlinear form of the magnetization re-
versal characteristic complicates the analytic discussion
of processes in the induction system. The equivalent
circuit of the induction system element (inductor) is
shown in Fig. 7. Ε31·1 The circuit contains a magnetiza-
tion current generator i^,

iM (t) = nOavff (i). (20)

The effect of the distributed capacitance between the
inductors, i.e., essentially between the primary and
secondary windings, and between the core and the prim-
ary winding is taken into account by introduction of an
equivalent capacitance C e into the circuit. The presence
of the fringing flux between the windings is taken into
account by inserting in the circuit a fringing inductance
Lf. The effect of the winding resistance can usually be
neglected in LIA, and it is not included in the circuit.
The current of the charged particle beam can be repre-
sented by the current generator ]^, whose value is in
general constant only during the flat part of the pulse
and changes during the rise and fall. For rough calcula-
tions for pulse lengths τ. > 0,5 Msec it is possible to
use the equivalent circuit method as customary for pulse
transformers [ 4 2 ' 4 3 ] .

The energy loss in the core is determined by the in-
tegral

t

W M = \uiudt. (21)
Ό

From Eq. (21) with inclusion of Eqs. (14) and (20) we
obtain

Wx = VH^B + (2VBJxv) (5ωολ
2

The quantity
№,,, = VH0\B

is proportional to the energy stored in the core, which
in general can be used repeatedly; however, this is not
yet done in LIA. Here V is the core volume; it is
assumed that the material has a rectangular hysteresis
loop and that B r « B s .

The second term

WM. d = (2VBshp) (S^ + S^W)

is the dynamic loss to eddy currents and hysteresis.
For τ < 0.3 μβεο and for the materials usually used in

LIA, the quantity WM Q can be neglected in comparison
withW M ) d .

The quantity WJVI d i s always proportional to the core
volume and inverseiy proportional to the magnetization
reversal time. The dependence on the induction change
ΔΒ is more complicated and is determined by the rela-
tion between SWQ and S w e . The quantity S^o i s charac-
teristic of the material itself and does not depend on the
thickness of rolling. The quantity S w e is proportional to
the square of the tape thickness. For a small tape thick-
ness < 5 μ (S <C S Q), and also for ferrites, the quan-
tity WM d is proportional to ΔΒ2. If eddy current losses
dominate ( S ^ > S w 0 ), the energy loss is proportional
to ΔΒ3.

In view of the fact that the loss in the core is propor-
tional to its volume and that the acceleration given to
the particles is proportional to its cross-sectional area,
it is advantageous, when it is necessary to obtain high
efficiency and small weight of the accelerator, to mini-
mize the core diameter and increase its axial length1^24-1.

The quantity Wb/(Wb + W M 0 + W M d ) , which repre-
sents the ratio of the energy transferred to the beam to
the total energy expended in reverse magnetization of
the cores, is the principal component of the overall
efficiency of the accelerator. Existing experimental
d a t a [ 4 0 ' 4 1 ] permit this quantity to be estimated. It has
values 0.12, 0.6, and 0.95 for a pulse length of 500 nsec
and respective beam currents of 100, 1000, and 10 000 A
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with tape of 50NP alloy 0.01 mm thick. For a pulse
length of 50 nsec and the same current values the ratio
is 0.02, 0.15, and 0.6, respectively.

The efficiency of LIA increases with increasing pulse
length and accelerated beam current. The latter fact
permits high efficiency to be obtained even for short
pulse lengths. It is necessary to consider the fact that
the average power in the beam of LIA reaches hundreds
of kilowatts, and to retain the high efficiency provided by
the induction system, it is necessary to approach com-
plete transfer of the energy stored in the capacitor to
the induction system. Laboratory installations form an
exception to this statement^23-1. Optimal transfer of en-
ergy to the pulse system is accomplished either by use
of nonuniform artificial lines'-13'14-', whose theory has
been developed by Litvinenko and Soshnikov1-45-1, or by
uniform lines in combination with a correction sys-
tem [ 4 6 ] . The reliability of these systems is determined
to a significant degree by the quality of the capacitors
used. Paper-film pulse capacitors, which have a high
reliability in operation with pulse-forming lines, are
highly recommended.

The commutators are spark gaps [ 1 5 ' 2 0 ] or hydrogen
thyratrons ^ u ' 4 4 ' 4 6 ^ . The main deficiency of a spark gap
is its limited life. Spark gaps usually lose their useful-
ness after ΙΟ4—106 discharges. A system with a spark
gap can be used in laboratory installations operating in
the single-pulse mode. Pulsed hydrogen thyratrons are
a reliable and long-lived device which have a high sta-
bility in their parameters and permit switching of cur-
rents of 10—15 kA at a high pulse repetition frequency.
They are preferred in accelerators with a pulse length
greater than 100 nsec. For pulse lengths of tens of
nanoseconds it is necessary to have in mind that, as
experiments have shown, the switching time of hydrogen
thyratrons amounts to 30—50 nsec and it is necessary in
the pulse system to provide elements for peaking the
pulse. One possible solution is based on use of the prop-
erties of electromagnetic shock waves [ 2 3 ' 4 7 ] . Shock
waves arise in propagation of electromagnetic waves in
a medium whose magnetic properties and, in particular,
magnetic permeability, depend on the field strength Η
of the propagated wave. A suitable material for this
purpose is a ferrite in which the permeability drops
with increasing Η and, consequently, the peak of the
pulse is propagated with a higher velocity than the base.
In this way the rise time of the pulse can be made less
than 10~9 sec; however, such short rise times are diffi-
cult to achieve, since the presence of parasitic Lj and
C e in the induction system does not permit them to be
made shorter than 5—10 nsec^34-1.

As was indicated above, the cores are transferred to
a state of negative saturation by means of a magnetiza-
tion reversal system. For materials with a rectangular
hysteresis loop, after the core has been transferred to a

FIG. 8. Relation between current and
initial energy of electron beam at which
the beam increases its diameter by 1.5
times in 100 cm. rj, cm; 1—no accelerat-
ing field, 2—accelerating field of 10
kV/cm.

state of saturation, the demagnetizing field can be re-
duced to zero. This corresponds to use of a reverse
current pulse^4] for reverse magnetization.

In particular, use of a half sine wave1^5·1 is possible.
With materials of low rectangularity, for example,
ferrites of the nickel-zinc group, before the main pulse
is supplied the core must be subjected to a demagnetiz-
ing field in order to have the greatest increase in induc-
tion.

5. TRANSVERSE CONTAINMENT OF THE BEAM

Without an effective solution of the problem of limit-
ing the radial size of the beam, reliable operation of
LIA, particularly at pulse repetition frequencies of
several hertz or higher, is impossible.

Thus, in LIA-30Cl3] the beam energy in each pulse
will be 4 kj, and naturally at a frequency of 50 Hz a
beam loss of even a few percent can not only destroy
the parts of the accelerator adjacent to the beam but
also can produce inadmissibly intense activation of these
parts (the electron energy at the output is 30 MeV).

The main difficulty in containment lies in the strong
Coulomb repulsion of an intense electron beam. Figure
8 shows the relation between the beam current and
initial energy for which a beam of diameter 3 cm in-
creases its size by 1.5 times in a distance of 100 cm. [ 1 8 1

In addition to space-charge forces, the beam is acted
on by the Earth's field in the gaps between the elements
of the induction system [ 4 9 : i and by the fringing fields.

In the accelerator for Astron the problem of size
limitation and positioning of the beam is solved by use
of short magnetic solenoids, placed between the acceler-
ator sections and having comparatively large aperture
(from 150 to 500 mm), in combination with a system of
correcting coils t50-'. In this system the best beam trans-
mission was 90%, and 75% was considered satisfactory.

In redesign of the accelerator to increase the accel-
erated beam current to 1000 A, the length of the accel-
erating sections was shortened by a factor of two, i.e.,
to 50 cm, and 29 focusing solenoids and 9 correcting
magnets were installed along the beam line. Beam posi-
tion sensors and current monitors were also installed.
The placement of the solenoids and correcting magnets
was determined by computer calculation. In the calcula-
tion it was assumed that a magnetic field of 0.45 χ 10"4 Τ
existed along the beam line.^51-1 However, when this ac-
celerator was put into operation it was found that beam
currents greater than 500 A could not be obtained, as
the result of instabilities which arose t 1 7-1. As a result
the possibility was investigated of the appearance of
instabilities due to generation of a high-frequency elec-
tromagnetic field and the interaction of the beam with
image charges and currents. Neil and Cooper'-52-' show
that intense electron beams excite an electromagnetic
wave which has a magnetic field component transverse
to the axis. Under the action of this field the beam is de-
flected from the accelerator axis and hits the chamber
wall. WoodsCS3] has developed a theory of the interac-
tion of a high current electron beam with image charges
and currents. The image force has the form

where q = [1 - (a/a^)2^2], a is the internal radius of the
beam—pipe electrodes, and a+ is the internal radius of
the inductor core.
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Inclusion of the image force in calculation of the
dynamics of high-current beam leads to additional con-
ditions imposed on the distance between lenses and the
ratio between the size of the beam and that of the induc-
tion system. In particular, Woods^53-1 shows that the
beam-pipe aperture should be 4—8 times the beam size.

The problem of containing the beam size is made
easier by use of a continuous axially symmetric mag-
netic field[54: ι. Under the action of a magnetic field
perpendicular to the axis, the beam is deflected by an
amount ΔΓι determined by the expression1-29^

ΔΓ, = BX'/m^cy, (22)

where χ is the distance at which the beam deflection is
determined, and γ = (1 - 02)~1/2. In the case where the
beam passes through a continuous longitudinal magnetic
field, the presence of a field component perpendicular to
the axis leads to an inclination of the axis, and the de-
flection of the beam from the accelerator axis will be
determined by the expression

Δ Γ 2 = ΒΧ/Βψ, (23)

where Bf is the field necessary for focusing the beam1-54

Β{ = (mo/rb) (2/b/tteoep)1/2; (24)

here ρ is the momentum of the electrons in the beam and
rjj is the equilibrium radius of the beam. From Eqs.
(22)-(24) we obtain

Analysis of Eq. (25) shows that in the initial part of the
acceleration, which is most important from the point of
view of containing the beam size, the limiting current
in a system with a continuous field is 5—10 times higher
than in a system using short solenoids. Estimates show
also that in the case of a longitudinal magnetic field the
deflection of the beam by image charges and currents is
reduced.

The equation determining the shape of an accelerated
axially symmetric beam in a longitudinal magnetic field
in the period following the working portion of the pulse
has the form11543

p(m;c2 + p2)-0- + pa-^-+-i-r (-̂ -j ρ = ^fE\ Τ' (26)

In derivation of this equation it is assumed that the po-
tential due to the space charge of the beam does not
affect the longitudinal motion of the particles, that the
accelerating field has only a longitudinal component,
that the magnetic field at the cathode is zero (Brillouin
flow), that the beam is laminar, that the paraxial condi-
tions are satisfied, and that effects occurring in the rise
and fall of the pulse can be ignored. If the field at the
cathode is not zero, then a term appears in Eq. (26) due
to the initial magnetization of the beam : 5 5 3 . In LIA the
magnetic field at the cathode is usually zero. Since the
size is smallest in this case, we will use the equation
in the form of (26) in the subsequent discussion. The
term on the right-hand side of Eq. (26) corresponds to
the repulsive force, and the last term on the left-hand
side to the force attracting the beam to the axis. Since
the force which produces the spreading of the beam is
inversely proportional to the radius and the force
attracting the beam is directly proportional to the
radius, for each p(z) there should exist an equilibrium
value r = ri(p) for which the force acting on a peripheral

particle of the beam is zero. From Eq. (26) we have
the following expression for this equilibrium trajectory:

ri (p) = (mJBfj (2Ih/neoep)1/'.

If a peripheral electron is in an equilibrium trajectory,
its radius falls monotonically, inversely as the square
root of p. For small departures of the initial conditions
from equilibrium, the beam experiences pulsations
whose period increases as the energy increases. For
the magnitude of the pulsations to remain small, the
necessary condition is

2 (BclEf > 1.

Since the repulsive space-charge force falls off as Ι/γ2,
for a beam energy of 3—5 MeV it is no longer necessary
to use a continuous magnetic field and the radial dimen-
sions of the beam can be contained by means of short
magnetic solenoids located between the sections of the
induction system I-56-1. The location of the solenoids is
determined by numerical solution of Eq. (26) in the reg-
ions between two neighboring solenoids for various
values of beam convergence. By means of such a calcu-
lation a trajectory is chosen with a ratio r m a x / r m i n

corresponding to stable motion of the beam with respect
to departures of its initial parameters from the equili-
brium values'-57-1. Analysis of the behavior of the beam
for deviations of the focusing-system parameters from
the nominal values shows that the tolerances on devia-
tion of the parameters are not severe '-56-1.

As was noted above, in the studies cited the analysis
of beam dynamics is carried out on the assumption of
laminar electron flow and paraxial conditions. This as-
sumption is valid to a sufficient degree for an equili-
brium distribution of the charge density over the beam
cross section. Experimental study of the parameters of
an electron beam accelerated in an LIA shows that the
charge density distribution over the cross section can
be nonequilibrium '-58-1. The Coulomb repulsive force and
the combined force acting on the electrons in this case
are appreciably nonlinear. This nonlinearity leads to
crossing of trajectories and to formation of a nonlaminar
(multivelocity) structure of the electron flow. Analysis
of nonlinear electron flow shows that the distribution of
charge density over the beam cross section does not re-
main constant at different points along the beam and that
the maximum charge density can occur at the boundary
of the beam11593.

A possible means of decreasing the effect of the space
charge of a beam accelerated in an LIA is to compensate
it by residual gas ions. For a residual gas pressure
less than 10~3 Torr the compensation time is greater
than the accelerating voltage pulse length, which results
in the necessity of preliminary ionization of the residual
gas, for example, by an electron beam^28-1 or a high-
frequency field t l 9 : l.

Recent investigations of a plasma betatron1-603 show
that during acceleration beam-plasma interactions arise
which lead to loss of a third of the beam energy and to
broadening of the energy spectrum of the accelerated
electrons. However, in spite of these difficulties, the
current reaches 1000 A even at the low energy of
40 keV. Use of a plasma with a falloff in its density
along the accelerator length results in a sharp decrease
in the efficiency of the beam-plasma interaction. The
beam loss decreases and the electron energy spectrum
becomes narrower.
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TABLE III. Parameters of linear induction

Name of
accelerator

Astron injector
before recon-
struction4'17

LIA-3000 [']

Astron injector
after recon-
struction [ 1 7 ) i l]

UA-3O/25O (under-
construction) [ l l>13]

ERA injector

SI LUND (under con-
struction) ["]

Plasma betatron

Iron-free LIA | " ]

, Location

Iivermore,
USA

Dubna,
USSR

livermore,
USA

Dubna,
USSR

Berkeley,
USA

Dubna,
USSR

Khar'kov,
USSR

Moscow,
USSR

Beam

energy,
MeV

3.7

3 (1.8)

4.2

30

4.25

3

0.05—
0.1

2

Beam
cur-

rent, A

350

200

800

250

500

2000

500—
1000

2000

Length of flat
part of pulse,

nsec

300

350

300

500

45

20

—

70 (half sine
wave)

accelerators

Repetition
frequency,
pulses/sec

0—60 (5)

0-25 (<1)

0-60 (5)

0—50

< 1

0 — 5 0

Single

Energy
spread,

%

< 3

—

< 2

< 3

<0.5

< 2

Broad
spec-
trum

Emit-

jrcm-

mrad

50

—

25

_

< 7 0

—

_

6. ACCELERATOR PARAMETERS. DESIGN OF
THE MAIN SYSTEMS

The main parameters of LIA which are operating or
under construction are given in Table ΠΙ. The values at
which the accelerator usually operates are shown in
parentheses. In addition to these accelerators, several
installations are in the planning stage. Except for the
plasma betatron, all of the installations serve as injec-
tors, and beam quality is of primary importance. The
plasma betatron is a research laboratory installation
intended for study of the acceleration of an electron
beam in plasma. All of the installations listed in Table
ΠΙ are characterized by peak beam currents 2—3 orders
of magnitude greater than the currents in traveling-wave
linear electron accelerators'-62-'. With the existing level
of technology we can expect that the current accelerated
in LIA can be increased to tens of kiloamperes. Most
existing LIA are intended for study of the new collective
method of acceleration, and their energy is determined
by this problem.

However, accelerators with substantially higher ener-
gies appear quite realistic. For example, a 30-MeV ac-
celerator1-13-1 is under construction. An LIA is being
discussed for acceleration of an electron ring to 1.6 BeV.
The average accelerating field strength is 5 MeV/m and
the length is 320 m.1-15-1 The maximum pulse repetition
frequency is still small. It is determined by the quality
of the beam guidance along the accelerator and by the
characteristics of the switching elements in the pulse
supply system. In principle, a frequency of
1000 pulses/sec can be reached with use of contempor-
ary pulsed hydrogen thyratrons.

An advantage of LIA is the possibility of obtaining
beams with high quality. The energy spread can be
made less than 0.5%, as the result of the video-pulse
mode of operation of the accelerator. Here the beam
has a low emittance. High efficiency in combination with
simplicity in use and reliability over a wide range of
variation of the parameters of the surroundings makes
the use of these accelerators extremely promising also
in industry and geology.

The induction system usually incorporates cores of
ferromagnetic material, which permits a significant re-
duction in the current in the primary winding of the in-
ductors in comparison with so-called iron-free accel-
erators. For example, for cores made of 50 NP alloy
tape of thickness 20 and 10 μ, the average value of

A-A

FIG. 9. Design of LIA-3000 inductor (dimensions in mm). 1—core,
2-insulating jackets, 3-primary winding, 4-focusing coil.

μ = ΔΒ/μοΗ is respectively 2000 and 4000 for a pulse
duration T0.95 = 0.5 μβεο.1-63-' This in turn provides the
possibility of raising the efficiency of the accelerator to
the high values mentioned earlier.

The induction system is made of sections whose
dimensions are determined by the requirements on the
focusing system, the vacuum system, and purely design
considerations. In the spaces between the sections are
located focusing lenses, pumping leads, and arrays of
diagnostic apparatus.

The sections in turn consist of a series of identical
elements (inductors). Figure 9 shows the design of an
inductor for the LIA-3000 accelerator'-5-1. The inductor
core is wound on a special lathe, and at the same time
magnesium oxide insulation is deposited by cataphore-
sis. After winding, the core is heated in a vacuum furn-
ace and then covered with an insulating jacket of mica.
The insulating jacket and a layer of rubber provide the
necessary electrical insulation of the core and also pro-
tect it from mechanical and thermal stresses, which
facilitates retention of the magnetic characteristics
during construction, shipping, and use of the inductor.

The exciting winding is made in the form of a torus of
rectangular cross section (in the shape of the core). All
parts of the inductor are assembled with an epoxy resin
of special composition. The inductor design provides the
possibility of constructing an accelerator without a vac-
uum pipe c 6 4 ] . A somewhat different inductor design is
proposed for use in the LIA-30/250 accelerator. A
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FIG. 10. Photograph of LIA-
30/250 inductor.

photograph of this inductor is shown in Fig. 10. [13 : l This
inductor is required to operate under conditions of in-
tense neutron radiation and is made without use of epoxy
resin; the only insulating material used is a mica prep-
aration which has high stability under radiation. In addi-
tion, the core is made of two halves enclosed in mica
insulating jackets. The two halves are clamped to a
watercooled housing. In this way the voltage between
the primary winding turns and the core is reduced to
half the primary voltage, which obviously decreases the
insulation requirements, and the heat flow from the core
is directly to the housing, bypassing the insulation,
which also eases the operating conditions •.

Figure 11 shows a cross section of a section of the
Astron injector after reconstruction'-17-1. It consists of
set of cores enclosed by the primary and secondary
turns. Inside the section is mounted a sectionalized ac-
celerator tube, between whose electrodes the accelerat-
ing field exists, and inside this tube is maintained the
vacuum necessary for existence of the beam, usually
10- 6-10' 5Torr.

As a result of the relatively short duration of the ac-
celerating voltage pulse in the accelerator SILUND, it
was found possible to use type 300 NN ferrite^23·1 for the
cores. In this case the section is also made up of induc-
tors; however, since the ferrite is a dielectric, there is
no need of special insulation between the turns and the
core.

The sections of the injector for the Electron Ring
Accelerator are also made with specially selected fer-
rites, but the design of these sections is quite differ-
e n t [ 6 1 ] . A cross section of this section is shown in Fig.
12. In essence, the section in this case consists of one
inductor with a voltage of 250 keV on the accelerating
gap. The inside of the inductor is filled with ferrite and
transformer oil, which provides the necessary electrical
stability. The pulse-forming line is connected directly
to the section. With this design there is no need of a
special accelerator tube and the impedance of the sys-
tem is raised considerably, which facilitates the shaping
of the pulse.

However, the difficulties resulting from increased
voltage become greater and, naturally, the reliability of
the operation of the induction system is reduced. Fur-
thermore, a pulsed hydrogen thyratron cannot be used
as the switching element in the pulse system, since the
anode voltage of developed thyratrons does not exceed
80 kV, and it is necessary to use a spark gap; conse-
quently, operation is limited to single pulses. The pulse
system is a double line of the Blumlein type with an air

FIG. 11 FIG. 12

FIG. 11. Cross section of a section of the Astron injector (dimensions
in mm). 1—core, 2-accelerating tube.

FIG. 12. Cross section of a section of the injector for the Electron
Ring Accelerator (dimensions in mm). 1-primary winding, 2-core, 3—
insulating plate.

spark gap as switching element. The interior of the line
is filled with transformer oil. The feedthrough insulators
between the air spark gap (pressure 10 atm) and the oil-
filled line are made of epoxy resin. The line is charged
from a Marx generator in a time of 330 nsec. The line
voltage is now close to the breakdown for the spark gap,
and if the gap is not specially triggered it will break
down spontaneously after 100 nsec. This mode of opera-
tion of the spark gap assures a small spread in the firing
time, ~1 nsec. Direct connection of the forming line to
the accelerating section and use of an air spark gap
under pressure permits a rather short rise time of
12 nsec to be obtained for the accelerating voltage pulse.

In another nanosecond accelerator of the SILUND
tubes are type TGI-1-3000/50 hydrogen thyratrons. Ex-
perience shows that pulsed hydrogen thyratrons for pulse
lengths less than 1 μββο can switch currents several
times larger than their rated valuesC46'65]. However, the
switching time is several tens of nanoseconds. In order
to reduce the rise time, a peaking system consisting of
coaxial line with ferrite is installed between the capaci-
tor bank and the inductor in this accelerator. Correction
of the flat portion of the pulse is accomplished by choice
of the value and sign of the initial magnetization of the
ferrites in the correcting lines. In the system described
it is possible to obtain a rise time of 5 nsec with a flat
top of 20 nsec.

In the accelerators LIA-3000 and LIA-30/250 the
pulse lengths are respectively 350 and 500 nsec, and use
of pulsed hydrogen thyratrons does not require the addi-
tion of a peaking circuit. In shaping the flat portion of
the pulse, use is made of a nonuniform line with lumped
parameters'-4*-', the variation of impedance being
matched to that of the induction system.
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When a longitudinal magnetic field is used to contain
the beam size, coils are mounted along the internal
diameter of the inductors, with leads brought out on one
side of the inductor.

In addition to the elements discussed, an important
part of the accelerator is the electron gun. Its design
determines to a large extent the current value, beam
quality, and reliability of operation of the accelerator.
The high voltage power supplies for guns in LIA, as a
rule, utilize pulse transformers made of the same ele-
ments as the induction system, i.e., of inductors.

In the Astron injector the pulse transformer is a sec-
tion similar in design to the main sections but somewhat
larger in diameter1^4'17-1. In the center of the section
are located the gun electrodes, which are used to pro-
duce not only a longitudinal component but also a radial
component of the electric field. In this way compensa-
tion of the repulsive space-charge forces is achieved.
The required gradient distribution is achieved by choice
of the distance between the electrodes and of the number
of cores between successive electrodes. The accelera-
tor gun, after reconstruction, has an oxide cathode in
the shape of a flat disk 17.8 cm in diameter. The anode
aperture is covered by a grid to avoid a drop in the
electric field.

The entire apparatuses placed in a tank through
which Freon flows at a pressure of 2 atm. This de-
creases corona and removes heat from the section. The
gun provides a current of 1200 A at a voltage of 550 kV.
This corresponds to a microperveance of 2.9.

In the LIA-30/250 accelerator the pulse transformer
will consist of a section of the main accelerator along
whose axis is placed a metal rod; the gap between the
rod and the inductor housing is filled with transformer

Oil[i3,66]_ T h e v o l t a g e o f 3oo k V i s taken out through a

feedthrough insulator and fed to the cathode of the elec-
tron gun. A special cathode with 50-mm diameter and a
high value of specific emission is used1-57"1. The gun
current is >250 A.

In the injector of the Electron Ring Accelerator the
pulse transformer consists of five sections mounted
together t61-1. Along the axis of the sections is placed a
metal rod terminated in a spherical tip. The rod serves
as a support. On the tip is placed a field-emission
cathode made of tantalum tape 0.012 mm thick wound in
a spiral with outer diameter 10 mm. The anode aper-
ture is covered with a grid of 0.075-mm diameter tung-
sten wire with a 3-mm mesh. With a voltage of about
1 MV, a current of 1200 A is extracted from the gun.
The cathode will withstand (3—5) χ 105 pulses without
destruction. The other elements and systems of the LIA
are similar to those of other accelerators and do not
require special description.

7. CONCLUSION

During the 1960s there have been developed and built
a number of LIA intended for carrying out research in
the field of new methods of acceleration and controlled
thermonuclear fusion. A large number of papers have
been published on the physics and technology of acceler-
ators of this type. It has been shown that beams with
currents of hundreds or thousands of amperes can be
accelerated in LIA with low energy spread and excellent
emittance, which makes them extremely attractive to
physics researchers.

In addition, LIA are reliable and simple to use, do not
require special surroundings, and have high efficiency.
This enables us to expect that, in addition to the ever
increasing use of LIA in scientific research, they will
be used also in industry. For example, LIA can form the
basis of portable, cheap, and simple installations for
x-ray structural analysis, y-ray logging, and defecto-
scopy which are capable of operation under field and
factory conditions.
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